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Abstract 
Transport of immiscible admixtures in a compound vortex created by a uniformly rotating disk located at the bottom of the 
cylindrical container is investigated. At the initial time, a spot of a heavy dye or light oil is disposed at the centre of the free 
surface of water inside the cylindrical container. In the process of the compound vortex formation the marker admixture is 
partially immersed into the water body and is assembled into a body of revolution. On the free surface, the admixture spot 
loses the regular round shape, spiral arms are stretched out from the appeared protrusions and cusps. The orientation of these 
arms is opposite to the direction of fluid rotation in the container. Geometrical parameters of these structures for different 
flow regimes are studied. 
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1. Introduction 
The flows in the Ocean and Atmosphere combine different types of motion: streams, jets, wakes, vortices and 
waves. When flows transport solid bodies or immiscible admixtures picturesque flow patterns are revealed and 
indicated the type of flow. Different spiral patterns visualize vortex flow structure.  
With the growth and development of industry more and more chemically active substances and compounds, 
including environmental hazards, are polluted into the environment (such as dioxin, Bhopal, India, 1984, Seveso, 
Italy, 1976, discharges into the Amur River, China, 2005, and the accidents with the reprocessed nuclear fuel, e.g. 
UK Sellafield, 2005). To control the level of pollution and environmental safety, or even to plan for people 
evacuation the mass transfer from a compact source should be evaluated as applied to prevailing meteorological 
conditions. The transport of matter is affected by flows, vortices and waves in the atmosphere and hydrosphere. 
Theoretical studies of vortex flows are based on the theory of an ideal quiescent [1, 2] and rotating [3] fluid, 
using a priori assumptions about the dynamics of the phenomenon. Many works are devoted to study of the pas-
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sive admixture spread in the vortex flows [4, 5]. At the same time in some experiments the admixture were found 
in compact areas that have typical forms of “dye walls” [6, 7] and helical structures, the patterns of such struc-
tures are widely represented in the well-known albums and books [8, 9]. 
Investigations of flow patterns in the environment are difficult due to their occasional appearance and fast evo-
lution. When vortex flows are studied in experiments the rotating disk placed in the center of the bottom of the 
cylindrical container is chosen to produce stationary vortex flow. The flow in the container consists of general 
rotation of fluid in the container around vertical axis and the toroidal vortex with the axis that encircles the verti-
cal axis of cylindrical container. The relatively simple geometry of the flow allows reproducing the flow parame-
ters in detail. The vortex motion deforms water surface which becomes concave in the central part near the verti-
cal axis. The shape of free surface reflects the pressure distribution in the fluid.  
During the experiments on miscible and immiscible admixture transport in the vortex flow a compact spot on 
the surface of the vortex is transformed into the spiral arms, separated by strips of clean water. This spatial struc-
ture is in qualitative agreement with observed in natural conditions, whereas in the laboratory the initial condi-
tions in the steady vortex flow are maintained with a high degree of reproducibility, that allows to carry out mul-
tiple experiments with required parameters. 
The goal of the investigation is to register the matter transport in compound vortex. 
2.  Experimental technique and parameters of the flow 
In experiments is studied the transport of finite volumes of different admixtures introduced on the free surface 
of water drawn into the vortex motion in the vertical cylindrical container. The basic medium was tap water, pre-
liminary degasified to decrease the number of gas bubbles deposited on the setup walls to make the visualization 
less difficult. 
The photo of the experimental setup is shown in Fig. 1, a. The vortex flow was induced by a disk located on 
the bottom of open vertical cylindrical container 1 with diameter 29.4 cm. To decrease optical distortions of the 
recorded flow pattern, cylindrical container is put into the rectangular container 2 with plane walls, the sizes of 
the container are 63.6 44.6 70.0 cm. The activator of vortex motion, the flat disk 2 mm thick 3 is located in 
the center of the container bottom. To flatten the bottom of the cylindrical container on the level of the upper 
edge of the disk the false bottom 4 is mounted in some experiments. The disk is set into motion by electric motor 
with the frequency from 200 to 1200 RPM, with the signal converter block.  
The photo- and video-recordings of the flow pattern are performed simultaneously from the top 5 and side 6 
views. The control of the experiment and the data recording is committed to PC 7. The admixture spot is intro-
duced on the free surface by means of dosing pipet or measure test-tube. The water volume with the admixture in 
the container is illuminated by white-light source with dispersive sheet 8. The container is equipped with hydrau-
lic system. In all experiments the illumination and location of the cameras are chosen to provide visibility of all 
details of the liquid free surface, and interfaces between the media. 
The complex flow in the container, the schematic pattern of which is shown in Fig. 1, b, contains both the vor-
tex and wave components. The uniformly rotating disk swirls the liquid about the vertical axis due to the no-slip 
condition and rejects it towards the vertical container sidewall. The accelerated liquid rises along the container 
sidewall, is then displaced towards the center along the free surface, and goes down near the axis of rotation, 
forming the flow which compensates the constant transport of the liquid along the disk surface (Fig. 1, b). The 
observed flow pattern is schematically reduced to a combination of two vortices, one of which is vertical and cy-
lindrical with the angular velocity c , and the second vortex is toroidal t , with a circular axis encircling the 
central vertical axis. As a result of their coupled action, a compound vortex is formed; in it liquid particles move 
along spiral and helical trajectories with the general characteristic frequency c t . The compound 
vortex with nonuniform angular velocity distribution is formed in the container and the free surface affected by 
the vortex motion is bended into a hat-like trough. 
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Fig. 1. Photo of the experimental set-up (a) and the scheme of the compound-vortex (b) induced by the rotating disk  
in the cylindrical container. 
The location of the circular axis of rotation depends on all parameters of the problem (in particular, the radii 
R , 0R , the water layer height H , and the frequency of disk rotation . When a constant angular velocity of 
the disk is maintained, in the pure water a steady-state flow is observed, in which the periodic components such 
as inertial, gravitational, and capillary waves may exist. The calculations of the pure-water free surface form for 
different values of experimental parameters are given in [10]. 
The ratios of the parameters of the experiment form the traditional set of dimensionless parameters, including 
Reynolds number 2Re ( ) /R , Froude number 2 2( ) /Fr R gH , Weber number 
3 2We /L , and for two-layer or two-component medium (water, oil) - and the Bond number 
2
1 2Bo ( ) /gH  and Atwood number 1 2
1 2
A , where 1  and 2  - density of fluid components 
(11). The flows studied in these experiments are characterized by Reynolds numbers in range 5 000 50 000 , 
Froude – 50 1800 , Atwood – 0.009 0.200 , Bond – 1.0 4.5 . 
The variety of specific dimensional and dimensionless parameters of the problem highlights the complexity 
and transience of the studied flow that is taken into account in designing the experimental setup and methods. 
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In the given system (1) the pressures in liquid p  and in air 0p and the surface tension coefficient  are 
normalized with the value of liquid density. As the deflection of the free surface could not be considered small 
the boundary conditions are not tolerated to be expanded in series near the level 0z . This fact is caused by 
the nonlinearity and nonstationarity of the problem to develop the exact solution of the equation set. 
The law of conservation of mass and the continuity lead to the fixation of the necessary constants and deter-
mine the final form of the zero approximation of the free surface form for the given setup. In the deep liquid with 
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where *  – empirical parameter that delimits the concave and convex parts of the free surface, b  – the value 
that characterizes the intensity of the flow, ceteris paribus determined by the disk rotation frequency. The ob-
tained expression is applicable only when the depth of the surface trough is less than a half of initial water depth. 
The approximation of the free surface form over compound vortex with consideration of the free surface ten-
sion effects with the coefficient  leads to the expression for the free surface form 
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The analytically developed approach shows the great resemblance with all the experimental results in the 
whole range of parameters.  
The more detailed comparison of the calculated and experimental free surface forms shows that the type and 
value of the difference between them is varied under alteration of the parameters of the experiment. 
3. Structure stability of the immiscible admixture transport pattern in compound vortex 
The structure of flow and admixture transport is quite similar for the immiscible marker (the tinted sunflower 
oil is used here). The fixed volume of admixture kV  is placed on the quiescent water surface before the genera-
tion of the compound vortex is started. The immiscible admixture forms supplementary interface.  
The most part of the oil volume forms the compact “oil body” in the liquid depth right under free surface on 
the vertical axis of rotation. On the free surface that consist of two interfaces – water-air and oil-air – the spiral 
arms are spinning out and elongating towards the container sidewall. There are strips of clean water between the 
spiral arms [12]. Under the action of rotating disk the surface trough is formed on the gas-liquid interface. Its 
depth depends strongly on admixture volume kV , frequency of disk rotation , and depth of liquid H  (Fig. 2). 
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Fig. 2. The forms of the central cross-section of the oil body on the adjacent frequencies ( R 7.5 cm): a – c) – H 20 cm, 320, 310, 
320 RPM, kV 30, 90, 150 ml; d – f) – H 40 cm, 300, 320, 260 RPM, kV 30, 90, 150 ml. 
On the lower frequencies of disk rotation ( 300 RPM) the situation with the oil distribution in the flow is 
quite similar in general, but the quantitative characteristics of the surface trough depth are different. For the con-
stant liquid layer height and small volume of admixture (30 ml) the through on the gas-liquid interface is deeper 
(Fig. 2, a) than for the bigger volumes of admixture (Fig. 2, b, c). The periphery of the free surface is covered 
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with detached small oil drops. With the increase of admixture volume the magnitude of the surface trough de-
creases and the height of the oil body increases. The sizes of the detached drops on the free surface increase too 
(Fig. 2, b). The further increase of the oil volume leads to the reduction of the surface trough depth and augment 
of the oil that is spread over the liquid-air interface (Fig. 2, c).  
For the bigger liquid depth and frequency of disk rotation 300 RPM the interface liquid-air is nearly 
plane and it is covered with slowly moving oil drops on the periphery and oil body in the central part (Fig. 2, d). 
The volume kV 150 ml of oil forms ‘hat-like’ configuration with the spirals and detached oil drops on the 
brims right on the interface liquid air (Fig. 2, f) that becomes plane. The mean volume of admixture 
( kV 90 ml) on the same frequency of the rotation of disk leads to the growth of the surface trough depth and 
separation of the central oil body from the rest oil distributed over the interface in small drops and thin spiral 
arms (Fig. 2, e). 
The images of the liquid-oil interface for the same experiments as in Fig. 2 are shown in Fig. 3. The small ad-
mixture volume is drawn up to the central part of the interface (Fig. 3, a, d) and little part of the oil is spread 
along the free surface in small drops. The medium volume of oil is gathered under the center of the interface and 
has several spiral arms stretched from it towards the periphery (Fig. 3, b, e). These spiral arms are surrounded by 
small oil drops. 
 
     
a b c 
      
d e f 
Fig. 3. Free surface with different oil volumes on the adjacent frequencies ( R 7.5 cm): a – c) – H 20 cm, 320, 310, 320 RPM, 
kV 30, 90, 150 ml; d – f) – H 40 cm, 300, 320, 260 RPM, kV 30, 90, 150 ml. 
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The large volume of light oil is gathered in the ‘hat-like’ volume with the lacerated brims in the center of free 
surface (Fig. 3, c, f). Wide spiral arms stretched out the principal spot are seldom reconnected with it forming the 
arches. 
4. Conclusions 
The performed experiments showed that a compact spot of immiscible (sunflower oil) admixtures introduced 
on the free surface of rotating liquid is transformed into the spiral arms. The general flow direction and growth of 
the spiral arms are oriented in opposite directions. The growth of the spiral arms occurs in the whole range of in-
vestigated explored flow parameters. 
The size and rate of evolution of spiral structures depend on all the experimental parameters (radius and veloc-
ity of the disk rotation, the depth of the liquid, the admixture volume). 
In all the experiments the admixture can not be considered passive. Oil drops and the orientation of the spiral 
arms do not correspond to the flow pattern in compound vortex. 
All the observed flow patterns are reproduced consistently within the accuracy of the experiments. 
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